ABSTRACT Accurate birefringence measurements show that fibrinogen orients to a small degree in high magnetic fields. This effect can be explained as due to the molecule having about 30% (by weight) a-helix oriented relatively parallel to the long axis. Birefringence measurements on fully oriented fibrin suggest that aligned a-helical content is less than that estimated for fibrinogen. But because of limitations in the analysis this difference must be viewed with caution. Highly oriented fibrin results when polymerization takes place slowly in a strong magnetic field. Low-angle neutron diffraction patterns from oriented fibrin made in the presence of EDTA, made in the presence of calcium, or stabilized with factor XIIIa are very similar, showing that the packing of the molecules within the fibers is the same or very similar in these different preparations. The induced magnetic birefringence was used to follow fibrin formation under conditions in which thrombin was rate limiting. The fiber network formed by approximately the gelation point constitutes a kind of matrix or frame that is largely built upon during the remaining ==85% of the reaction. After gelation the reaction is pseudo-first order.
The arrest of blood loss from an injured vessel, hemostasis, requires the participation of several plasma proteins and also platelets, cells that form occlusive aggregates at the site of the rupture. The last stage of the blood clotting process is the enzyme-catalyzed activation of a soluble plasma protein, fibrinogen, which then undergoes polymerization to form an insoluble fibrin gel, thus mechanically reinforcing the platelet plug. The limited cleavage of fibrinogen by thrombin, a serine proteinase, is the result of a series of steps involving many other clotting factors; much is known about this sequence of highly regulated events (for a recent and exhaustive review see ref. 1) . Thrombin also converts factor XIII into factor XIIIa, the plasma transglutaminase which, in the presence of calcium, crosslinks adjacent fibrin monomers of a fiber by forming E-(y-glutamyl)lysyl pseudo peptide bonds (2) .
The trinodular elongated (450-A-long) structure for the fibrinogen molecule proposed by Hall and Slayter (3) is the most widely accepted model, and it has obtained additional support from recent work on native fibrinogen (4) (5) (6) (7) (8) or slightly modified fibrinogen (9) (10) (11) . Fibrin monomers are produced by thrombin, which releases the small negatively charged fibrinopeptides A and B. The monomers associate in a longitudinal half-staggered arrangement to generate the two-stranded fibrin protofibril (12, 13) , then these protofibrils associate laterally to form the thicker fibrin fibers (12) . In a recent study, we have shown that when polymerization of fibrin takes place slowly in a high magnetic field one ends up with a highly oriented gel on which neutron low-angle diffraction studies demonstrate that the protofibrils pack with three-dimensional order, probably in a tetragonal unit cell with a = b = 185 A and c = 446 A and containing eight molecules (14) . The mechanism of assembly of fibrin has been extensively studied (2, [15] [16] [17] [18] but due to its complexity and the limitations of the experimental investigations many important points remain to be elucidated. It is important to have as precise knowledge as possible about the fibrin polymerization process; not only is it of interest in itself but also it may be an excellent model for other aggregation processes of biological macromolecules (19) .
The present study shows that measuring the gradual orientation of fibrin in a high magnetic field reveals kinetic features of the polymerization reaction, and it also demonstrates that structural details of the secondary structure of the fibrinogen molecule or the fibrin monomer can be assessed by studying their behavior in the field.
MATERIALS AND METHODS Protein Preparation. Purified bovine fibrinogen (>98% clottable protein) was obtained as described in ref. 20 . Unless specified otherwise the experiments were performed in 0.05 M Tris'HC1 buffer containing 0.1 M NaCl, 0.5 mM EDTA, and 0.01% (wt/vol) NaN3 (pH7.5). Thrombin and reptilase (Bothrops atrox serine proteinase) were purchased from the Institut de Serotherapie Hematopoietique (Paris) and Laboratoire Stago (Asnieres, France), respectively. All measurements were made at 200C.
Samples for neutron diffraction experiments were made by forming fibrin (polymerization time 1 hr) in a magnetic field that had an average value of about 15 teslas (1 tesla, T, = 104 gauss). The orientation was performed in lH20 buffer, which was subsequently replaced as required with 2H20 buffer by diffusion. The sample thickness was 0.1 or 0.2 cm.
Measurements of the Magnetically Induced Birefringence. The samples were contained in quartz cells that had an optical path length of 3, 1, or 0.1 cm. These were placed in a temperature-stabilized (±0.1C) sample holder within a Bitter type magnet (maximal field 13.5 T) that had a small radial optical bore. The magnetic birefringence An was sensitively measured (resolution An 10-10, A = 6,328 A) by using a combined photoelastic modulation and compensation technique (21) . Polarizer and analyzer were crossed and at 450 with respect to the field direction. A 50-kHz modulation of the birefringence was produced by a photoelastic modulator, resulting in a 100-kHz intensity modulation of the photodiode output. Any superimposed steady-state (magnetic) birefringence produced an additional 50-kHz photodiode output, which was phase-sensitively detected, converted to dc, and used (as error signal in a feedback loop) to compensate the steady-state birefringence by means of a Pockels cell. Hence in the compensated case the 1616 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
voltage across the Pockels cell was a direct measure of the magnetic birefringence An. In order to measure the large birefringence given by fibrin polymerization the Pockels cell was replaced by an electrically driven Babinet-Soleil compensator.
Neutron Diffraction Measurements. The neutron diffraction patterns were obtained on the small-angle scattering camera D 11 (22) In a magnetic field diamagnetically anisotropic particles experience a torque that acts to bring the axis of smallest absolute diamagnetic susceptibility nearer to the field direction. This means that if Axis positive, I,,ii < Ix±,I the Xm axis moves nearer to the field direction, whereas if AXis negative, IxllI > Ix-I, the All axis moves away from the field direction. The magnetic orientation is opposed by the randomizing effect of Brownian motion. In general the magnetic orienting energy AVH2/2 < kT, so only weak orientation is attained. However, because diamagnetic anisotropy is an additive property, if N particles are aligned as in a polymer with their symmetry axes parallel, then their total anisotropy is NAX(for a stiff polymer) and if N is large enough the orienting energy will be significantly larger than kT. For better than 90% orientation parallel to the field (positive AX) NAXH2/2 > 16kT.
For weakly orienting samples (AXH2 < 0.6kT) the induced birefringence is given by (An << Ans). 21r (n 2 + 2)2 H2 CNA An = --AXAa. [1] 135 no kT Mr When An is plotted against H2 a straight line results; from this line the Cotton-Mouton constant, CM (CM = An/AH2), is obtained 21T (n 2+ 2)2 1 CNA CM = -AXAa. [2] 135 no AkT Mr Thus CM is proportional to the product AaAX. If it is positive the direction of maximal susceptibility is one of minimal polarizability, and if it is negative the directions of maximal susceptibility and polarizability coincide.
The birefringence of a fully aligned sample is according to the The Lorentz-Lorenz formula does not have a firm theoretical basis for solutions or gels of anisotropic particles, but because the analysis is based on comparison with measurements of known structures this is not a handicap. Now consider that polymerization and orientation occur simultaneously and that the An from the oriented polymer concentration, c2(t), is large compared to that of the unpolymerized material concentration cl(t). Both concentrations are dependent on time, t, and add up to the total concentration c = cl(t) + c2(t). At the beginning (t = 0), c1(O) = c, c2(0) = 0, and An(O) 0, and at the end of polymerization (t -m oo), cl(oo) = 0, c2(oo) =c, and An(oo) = An,.
At intermediate times
MrA, which, when combined with Eq. 3, gives
An(t) = -c2(t) and Ans -An(t) = -s cl(t).
C C [4] [5]
Thus An(t) is directly proportional to the polymer concentration. This is valid even if the alignment is not complete, provided the degree of orientation is the same throughout and, as above, the signal from the unpolymerized material is relatively weak, in which case Ans is not given by Eq. 3 but is equal to the birefringence at the end of the reaction. For a first-order or pseudo-first-order reaction c1(t) = cekt, in which k is the apparent rate constant. Hence from Eq. 5 An, -An(t) = Ane-t.
[6]
Comparative measurements
The ratio of the birefringences of two aligned samples (subscripts 1 and 2) at the same concentration is calculated by using Eq. 3: An,1/An,2 = Mr2Aa1/Mr1Aa2. If both sorts of particles have the same structure and flexibility (or more generally the same Aa per unit mass) and differ only in length, then this ratio is equal to 1. However, if particle 1 has a fractionf that has the same Aa per unit mass as particle 2 and its remaining fraction
(1 -J) has zero optical anisotropy, then An,, Ans2= [7] Similarly, making use of Eq. 2, the ratio of the Cotton- (23) , Pf1 and fd, whose structures are well characterized (24) (25) (26) . The ratio of the specific CMs is 8.0 x 10-4 (fibrinogen/Pfl) and 16.2 X 10-4 (fibrinogen/fd), whereas the ratios of the molecular weights are, respectively, 9.07 x 10-3 and 2 x 10-2. From Eq. 8, f = 0. 30 Although the a-helices, aromatic amino acid residues, and DNA bases are all potential contributors, it turns out that the Cotton-Mouton effect comes largely from the a-helices, because the average orientation of the other groups relative to the phage long axis is such that they have little influence (23) . Thus as far as the magnetic birefringence measurements are concerned fibrinogen behaves as though there is about 30% (fl-0.30, above) a-helix oriented relatively parallel to the molecule long axis. This value is similar to that from other sources (27) (28) (29) (30) lowing assumptions implicit in the analysis. First, that the aromatic residues in the a-helices contribute little, as in the phages, to the optical and magnetic anisotropies and, second, that the contribution from the rest of the molecule is small. The latter assumption is reasonable because these regions are expected to be rather globular and therefore unlikely to be very anisotropic.
Structure of Oriented Fibrin Gels. When fibrin is formed in a strong magnetic field it can be aligned parallel to the field (14) . At near complete orientation as checked by neutron diffraction, Ans/c is 1.24 (± 0.07) x 10-' ml mg-'. The corresponding values for Pf1 and fd are, respectively, 6 .27 x 10-5 and 6.05 x 10-5 ml mg-' (23) . Thus from Eq. 7,f = 0.20 when fibrin is compared with these two viruses. This suggests that about 20% of fibrin is a-helical with an axis relatively parallel to the fiber axis as in Pf1 and fd. The assumptions are the same as those invoked for the interpretation ofthe CM offibrinogen. Because in both cases the analysis is not rigorous one must be cautious about attributing significance to the difference between the estimates of the aligned a-helical contents of fibrinogen and fibrin.
The low-angle neutron diffraction pattern given by magnetically oriented fibrin made in the absence of calcium has been reported (14) . In Fig. 2 (14) is the same in all samples. Fig. 2 also shows that the replacement of '1H20 buffer with 21H20 buffer has no effect on the peak positions but does greatly enhance the signal relative to the noise.
Formation of Fibrin. As shown previously (14) , when fibrin formation is initiated by adding a rate-limiting amount of thrombin to a solution of fibrinogen in a strong magnetic field the variation of the induced birefringence is sigmoidal (e.g., Fig. 3 ). In the early stages the signal is weak because fibrinogen molecules and fibrin monomers and oligomers have a small diamagnetic anisotropy and consequently their magnetic orientation energy is small compared to kT. However, when large ordered aggregates are formed the magnetic orienting energy becomes sufficiently large, due to the additive property of diamagnetic anisotropy, to give rise to significant orientation and, when there are enough of them, to a large induced birefringence. The degree of orientation when polymerization is complete depends, in otherwise fixed conditions (see below), on the magnetic field strength and the rate of polymerization. The final birefringence varies linearly with the square of the field strength under conditions of incomplete alignment. Reducing the rate ofpolymerization increases the final value of the birefringence for a fixed field strength until a limiting value is reached; this value can be improved with difficulty either by increasing the field strength or by further reducing the rate of polymerization. Then the fibrin fibers are fully aligned parallel to the field direction (14) . No systematic attempt was made to determine the minimal field that would give rise to full orientation, although we find that it is 7 T or less. The dependence on the rate of polymerization shows that for good alignment the fibers must orient highly before there is any substantial development of interlinking connections. If the connections form before fiber orientation the network is fixed in position at incomplete alignment.
Increasing the ionic strength of the fibrinogen solution greatly reduces the magnetically induced birefringence and therefore the degree of orientation when fibrin is formed. Using 0.15 M NaCl instead of 0.10 M NaCl in the buffer results in almost no birefringence and a transparent gel. Conversely; the addition of calcium markedly increases the induced birefringence in comparison with fibrin formed with no calcium, at the same rate of polymerization, and under conditions that do not give full alignment (Fig. 4A) . Thus, because high salt concentration is known to decrease the fiber thickness (16) whereas the presence of calcium is known to increase it (31), the simplest interpretation of these results is that the fibrin fibers must be relatively thick for useful magnetic orientation. The thicker the fiber the larger will be its diamagnetic anisotropy and the stiffer it will be. Fur- thermore, as demonstrated above, better orientation is achieved when the rate of polymerization is reduced. Thus the fibers must orient before significant interlinkinghas developed (i.e., before gelation). Combining the foregoing results, we conclude that before gelation has occurred many protofibrils have already coalesced to form fibers that are poorly interlinked. Polymerization brought about by a rate-limiting amount of reptilase gives rise to about the same induced birefringence as is obtained by using thrombin when the reaction rates are about equal (Fig. 4B) . With the observations above this implies that reptilase action gives rise to fibrin fibers of appreciable thickness; as Hantgan and Hermans (16) found.
In Fig. 3 (broken line) the data are plotted in accordance with Eq. 6. After approximately the time of gelation (as estimated by eye in a control sample outside the magnet) a straight line results, which indicates that beyond this point the reaction follows pseudo-first-order kinetics. At gelation about 15% (i. e., c2/c = 0.15, c = 4.8 mg/ml, in Eq.-5) of the protein' in the initial solution is involved in network formation. Fig. 5 shows how the development of the birefringence curve is influenced by cutting the field at different stages of the reaction. Below a critical point, which is again near the time of gelation, a marked reduction in the induced birefringence results, whereas when the field is cut a little later there is, surprisingly, little effect. These observations can be explained as follows. In the former circumstances once the field is cut new fibers continue, to be formed with little preferred directionality. However, about the time of gelation an aligned network has developed throughout and the orientation of this matrix or frame is subsequently followed. If this were not so then, contrary to observation, on cutting the field after gelation the birefringence at the end of the reaction would be much less than that obtained when the field is maintained throughout. Because above the critical point the polymerization and orientation of fibers follow the same kinetics with or without the field and the coagulation times and the turbidities are very similar, we conclude that the action of thrombin on fibrinogen molecules is not modified to a significant extent by the high magnetic field.
Hantgan and Hermans (16) have used stopped-flow light scattering to follow the events during polymerization in conditions when thrombin was not rate limiting. When comparisons are made it is important to remember that in our experiments thrombin concentration, on the contrary, was rate limiting. Their measurements are informative about the early events but reveal little about changes that occur later, whereas in our experiments the converse is true. The scheme proposed by Hantgan and Hermans (16) is as follows: monomers polymerize to form protofibrils; long protofibrils associate laterally to form fibers; occasionally a long protofibril associates with two different fibers to form an interfiber connection; finally, a network of interlinked fibers develops. Now, incorporating the results reported here, we propose: monomers polymerize to form protofibrils; long protofibrils associate laterally to produce fibers, interlinks are rare; occasionally a fiber or protofibril joins two different fibers and a fully interlinked network develops (gelation occurs); and the matrix existing at gelation is built up by the lateral growth of existing fibers, and possibly new fibers are occasionally formed by very long protofibrils making lateral attachments to more than one fiber. From about the time of gelation the overall process follows pseudo-first-order kinetics.
Our study also demonstrates that in the case of orientable polymers (biological or not) measuring the magnetically induced birefringence, which is proportional to the concentration of monomers that have undergone polymerization, can be an excellent technique with which to follow the assembly process.
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